We evaluated the effects of preconception and gestational obesity in the ewe on offspring growth, metabolism, and glucose homeostasis. From 60 d before conception through parturition, multiparous ewes were fed 100% (control; n = 8) or 150% (obese, OB; n = 10) of NRC (1985) recommendations. Ewes on the OB diet increased BW by 30% from diet initiation to mating (P = 0.03) and by 52% by d 135 of gestation (P = 0.04), whereas control ewes increased BW by 7% (P = 0.65) from diet initiation to d 135 of gestation. Lambs were weaned at 120 d of age and were maintained as a group. At 19.5 ± 0.5 mo of age, offspring from control and OB ewes were individually penned and subjected to a 12-wk ad libitum feeding challenge.
INTRODUCTION
The level of nutrition received during fetal and early postnatal life has been shown to increase susceptibility to obesity, cardiovascular disease, and glucose intolerance in later life in animal models (Gluckman and Hanson, 2004) . In humans, prepregnancy maternal body mass index (BMI) is a strong determinant of offspring obesity (Salsberry and Reagan, 2005) . Children born to obese women have a greater risk of developing obesity (Whitaker, 2004) , insulin resistance (Mingrone et al., 2008) , and metabolic syndrome (Boney et al., 2005) than those born to women of normal BW. Furthermore, neonates of obese mothers were similar in BW to those of lean mothers, but had a greater fat mass and were insulin resistant (Hull et al., 2008; Catalano et al., 2009) .
We have developed an ovine model of prepregnancy maternal obesity and nutritional excess in which fetal BW are increased (approximately 30%) by midgestation in combination with increased fetal circulating concentrations of glucose, insulin, and IGF-1 compared with fetuses from control-fed ewes Zhu et al., 2009 ). The fetal pancreas was profoundly increased in absolute weight (approximately 250%) and was the only organ whose weight was increased relative to fetal BW . Fetal skeletal muscle mass at midgestation was decreased in fetuses of obese compared with control-fed ewes (Zhu et al., 2008) . Newborn lambs from obese ewes using this experimental paradigm had similar birth weights and increased adiposity compared with newborn lambs from control ewes ). The effects of maternal obesity in sheep are unknown; therefore, we hypothesized that maternal obesity would affect the feed intake and growth of adult offspring, as well as insulin and glucose homeostasis.
MATERIALS AND METHODS
All procedures were approved by the University of Wyoming Animal Care and Use Committee.
The care of animals used in this study has been described in detail . The composition of the ration fed to the ewes in this study is given in Table  1 . Briefly, from 60 d before conception (d 0) to parturition, multiparous ewes (Rambouillet × Columbia cross; 3 to 6 yr of age) were individually fed a ration at 100% of NRC (1985) recommendations for energy based on metabolic BW (BW 0.75 ) of individual ewes (control; n = 8) or 150% of the control diet (obese, OB; n = 7). Individually fed ewes consumed all their diet each day. Ewes were hand-mated to a single intact Columbia ram and weighed weekly, and rations were adjusted for BW gain. A BCS (Sanson et al., 1993) was assigned to each ewe by 2 trained individuals before the beginning of the experiment, before conception, at midgestation, and at the end of gestation. Body condition score is a 1 to 9 scoring system (1 = emaciated, and 9 = obese) that estimates energy reserves and is closely related to carcass lipids (Sanson et al., 1993) . Ewes lambed unassisted, with 3 twin pregnancies and 4 single pregnancies in control animals and 4 twin pregnancies and 5 single pregnancies in the obese animals, after which all ewes were given free-choice access to high-quality alfalfa hay and were supplemented with corn to meet NRC (1985) requirements for a lactating ewe. Birth weight was recorded for all lambs. Before 2 wk of age, lambs were tail-docked and males were castrated according to Federation of Animal Science Societies recommendations (FASS, 2010) . Lambs were given free access to a standard commercially available creep feed (Lamb Creep B30 with Bovatec, Ranch-way Feeds, Ft. Collins, CO) from birth to weaning. At 120 ± 3 d of age, lambs were weaned, maintained together, and fed a diet of highquality alfalfa hay and corn to NRC (1985) requirements for growing lambs to allow for growth.
At 19.5 ± 0.5 mo of age (a physiological age equivalent to early 20 yr of age in humans), as indicated by closure of the growth plates in humans occurring between 17 and 20 yr of age (Gunn, 2009) and the same growth plate closure occurring in sheep between 12 and 20 mo of age (Field et al., 1990) , 8 offspring from control ewes (3 males; 5 females) and 10 offspring from OB ewes (5 males; 5 females) were placed in individual pens and adapted to an experimental ration using a method of stepping up to a specially formulated pelletized ration over 2 wk. This age was chosen for study because Mingrone et al. (2008) reported that offspring in their early twenties born to obese human mothers began to exhibit greater insulin resistance compared with those born to mothers who were not obese during gestation. Briefly, offspring were switched from alfalfa pellets to the experimental ration by substituting 25% of their daily alfalfa pellet ration every 3 to 4 d with the experimental ration until, at the end of the 2-wk period, offspring were consuming 100% of the requirements in the form of the experimental ration. The pelleted ration consisted of corn, soyhulls, wheat middlings, alfalfa Determined by near-infrared reflectance spectroscopy.
Maternal obesity and offspring adiposity meal, and distillers by-products and was analyzed to contain 71.05% total digestible nutrients, 1.08 Mcal/kg of NE g , 1.64 Mcal/kg of NE m , 88.2% DM, 13.5% CP, and 4.05% fat on an as-fed basis (ADM Alliance Nutrition, Quincy, IL). After the 2-wk adaptation period, each animal was maintained on a control diet (100% NRC recommendations) based on individual metabolic BW (BW 0.75 ). At the beginning of the control diet period, total percentage of body fat was measured by dual-energy x-ray absorptiometry (DEXA; GE Lunar Prodigy 8743, GE, Madison, WI), as done previously in our laboratory ) and as described previously and validated for sheep (Mercier et al., 2006; Pearce et al., 2009) .
One week later, all animals were subjected to a frequently sampled intravenous glucose tolerance test (FSIGT). For this test, a jugular vein catheter (Abbocath, 16 ga, Abbott Laboratories, North Chicago, IL) was placed aseptically 12 h before blood sampling. A 124.5-cm extension set (Seneca Medical, Tiffin, OH) was attached to the catheter to allow for infusion and sampling without disturbing the animal. Offspring were maintained in individual neighboring pens and had free access to water, but no feed was provided for approximately 10 h before and during the FSIGT. Baseline blood samples (~6 mL) were taken at −15 min and immediately before intravenous glucose injection (0.25 g/kg of BW, 50% dextrose, Vedco Inc., St. Joseph, MO). Blood samples (~6 mL) were taken at 2, 4, 6, 8, 10, 12, 14, 16 , and 19 min after glucose injection into chilled heparinized tubes (heparin plus NaF, 2.5 mg/ mL, Sigma, St. Louis, MO). At 20 min after glucose injection, insulin (20 mIU/kg of BW, Humulin R, Lilly, Lake Forest, IL) was administered and blood sampling (~6 mL) continued at 22, 23, 24, 25, 27, 30, 35, 40, 50, 60, 70, 80, 100, 120, 150, 180, 210 , and 240 min after glucose injection (Boston et al., 2003; Treiber et al., 2005) . Blood was processed and plasma was stored as described previously .
After the FSIGT, offspring were placed on a feeding challenge in which feed was increased by 300 g every 3 d until there was feed left after 24 h. The diet was adjusted based on weight of the feed left over during the next 12 wk such that a feed refusal for 2 d out of 3 resulted in no further increase until all feed was consumed. Weight of the ration consumed was recorded daily and BW were recorded weekly. The sum of each measurement was used to calculate the total amount of feed consumed and total increase in BW during the 12-wk feeding challenge. Actiwatches (Mini Mitter, Bend OR) were placed in protective cases supplied by the company and adhered to the back of 6 control and 6 OB offspring for monitoring of activity for a 24-h period in the pens. Blood samples (~6 mL) were collected weekly into chilled heparinized tubes (Sigma) at 0800 h, and plasma was collected and stored as stated previously. At the end of the feeding challenge, offspring were again scanned by DEXA and another FSIGT was performed.
Biochemical Assays
Glucose was measured colorimetrically in triplicate (Liquid Glucose Hexokinase Reagent, Pointe Scientific Inc., Canton, MI) as described previously (Ford et al., 2007) . Mean intra-and interassay CV were 0.6 and 3.3%, respectively. Insulin was measured in duplicate by commercial RIA (Ford et al., 2007 ; Siemens Medical Solutions Diagnostics, Los Angeles, CA) with intra-and interassay CV of 7.6 and 12.2%, respectively, and a sensitivity of 2.6 μIU/mL. Plasma leptin concentration at wk 1, 7, and 12 of the feeding challenge was measured in all samples in a single assay by using a commercial RIA (Zhu et al., 2008 ; Linco Multispecies Leptin RIA, Linco Research, St. Charles, MO) with an intraassay CV of 4.8% and a sensitivity of 0.5 ng/mL.
FSIGT Analysis
The baseline samples (−15 and 0 min) were averaged and used to calculate fasted glucose and insulin concentrations. The variables of the minimal model of glucose and insulin dynamics included insulin sensitivity (SI), glucose effectiveness (Sg), acute insulin response to glucose (AIRg), and disposition index (DI) as determined by simultaneous fitting of glucose and insulin curves resulting from the FSIGT according to the following equations using MinMod Millenium software (MinMod Inc., Los Angeles, CA; Bergman et al., 1981; Boston et al., 2003) :
where G(t) is glucose at minute (t) and Gb is baseline glucose, and
where X(t) is insulin action at minute (t), I(t) is insulin concentration at minute (t), Ib is baseline insulin concentration, P 2 is loss rate of insulin action (X), and P 3 is action of 1 unit of insulin on glucose disposal per minute.
Insulin sensitivity represents the acceleration of glucose clearance by the insulin present (SI = P 3 /P 2 ); AIRg is the initial insulin (area under the curve) available to act on glucose clearance (via SI) measured in the first 10 min after glucose injection but before exogenous insulin administration; Sg is the rate of glucose clearance at basal insulin; and DI is an index of overall potential for insulin action as determined by both initial insulin secretion (AIRg) and tissue response (SI). Specifically, DI is calculated as AIRg × SI and therefore has no units.
Statistical Analyses
Data are presented as least squares means ± SEM, and differences were considered significant at P ≤ 0.05, with a tendency at P ≤ 0.10. Plasma leptin concentrations at wk 1, 7, and 12 during the feeding challenge were analyzed as repeated measures using the MIXED procedure (SAS Inst. Inc., Cary, NC) with treatment, time, date, and their interaction in the model statement, with offspring within treatment as the error term. The DEXA measurements, minimal model FSIGT calculations, feed intakes, BW gain during the feeding challenge, G:F, gestation length, ewe BW and BCS, offspring birth weight and BW at each age, and fasted plasma glucose and insulin were analyzed using the GLM procedure of SAS, with treatment, sex, birth type, and their interactions, when appropriate, in the model. There were no significant (P > 0.17) treatment × sex interactions, so this was removed from the final analysis. Sex of offspring was not significant (P > 0.15) nor was birth type (P > 0.26) for any measured variable and therefore was not reported in the results.
RESULTS
Ewes on the OB diet increased their BW by approximately 30% from diet initiation to mating (71.6 ± 3.2 and 92.8 ± 2.9 kg, respectively; P = 0.03) and increased by 43 and 52% in BW from diet initiation to d 75 and 135 of gestation, respectively (P < 0.05). In contrast, control ewes, whose BW was similar (P = 0.49) to that of OB ewes at diet initiation (68.3 ± 2.9 kg), exhibited only modest (P > 0.21) increases in BW from diet initiation to conception (2.9%), d 75 of gestation (5.7%) or d 135 (7.0%) of gestation. Similarly, BCS of OB ewes increased (P = 0.02) from diet initiation to mating (5.0 ± 0.3 and 7.2 ± 0.2, respectively), and further increased (P < 0.05) to 8.0 ± 0.2 by d 75 and to 8.6 ± 0.2 by d 135. The BCS of control ewes remained relatively constant (P > 0.38) from diet initiation to d 135 of gestation (4.9 ± 0.4). Lamb birth weights of control and OB ewes were unaffected (P > 0.28) by maternal dietary treatment (5.32 ± 0.47 and 6.00 ± 0.30 kg, respectively) or by sex of the lambs (males 5.91 ± 0.51 kg and females 5.63 ± 0.68 kg). Of interest, gestation length was reduced (P < 0.01) in OB ewes compared with control ewes (144.7 ± 0.7 vs. 151.4 ± 0.5 d, respectively).
At 2 mo of age, OB and control offspring had similar BW (P = 0.35; 23.5 + 1.4 vs. 24.5 ± 2.1 kg respectively). After weaning, at 4 mo of age, offspring BW remained similar (P = 0.50), averaging 34.3 ± 0.7 kg. There were no differences in offspring BW between groups (P > 0.29) at 7, 12, and 15 mo of age (44.5 ± 1.0 vs. 43.3 ± 1.1, 60.1 ± 4.9 vs. 61.1 ± 3.9, 62.1 ± 5.9 vs. 64.1 ± 4.7 kg, in control and OB offspring, respectively).
At 19 mo of age, offspring BW remained unaffected (P = 0.72) by maternal nutrient status (65.9 ± 2.2 and 65.0 ± 1.9 kg in control and OB offspring, respectively). At the initial DEXA scan, crown rump length, percentage of body fat, percentage of lean mass, bone mineral density, and total fat mass weight (Table 2) were similar (P > 0.14) for control and OB offspring.
For the initial FSIGT, AIRg and DI were similar (Table  3 ; P > 0.37) for offspring from OB and control ewes, whereas SG and SI were less (P = 0.04 and 0.03, respectively) in OB compared with control offspring (Table 3). Over the 12-wk feeding challenge, OB offspring consumed approximately 10% more feed ( Figure 1A ; P < 0.05) than control offspring, resulting in a tendency (P = 0.08) for increased BW gain in OB compared with control offspring (Figure 1B) . However, the efficiency of BW gain (gain in BW, kg/feed intake in kg) over the duration of the feeding challenge was unaffected (Figure 1C ; P = 0.94) by maternal dietary treatment. The activity of the animals in a 24-h period as measured by Actiwatches was similar (P = 0.39) for OB and control offspring (58 ± 2.6 vs. 59 ± 1.9 activity counts/min, respectively). At the final DEXA scan (Table 2) , crown rump length and bone mineral density were similar between offspring from control and OB ewes. In contrast, percentage of body fat was increased (Table 2 , P = 0.02) and total fat mass tended to be increased (Table  2 ; P = 0.09), whereas percentage of lean mass tended to be decreased (Table 2 ; P = 0.06) in OB compared with control offspring at the end of the feeding challenge. There was no difference between treatment groups in the change in lean tissue mass (Table 2 ; P = 0.40) from the initial to final DEXA scan. However, offspring from OB ewes had a greater (Table 2 ; P = 0.02) increase in fat tissue mass when compared with offspring from control ewes. At the final FSIGT (Table 3) , OB offspring had decreased (P < 0.05) AIRg, DI, and Sg and tended (P = 0.10) to have decreased SI compared with control offspring.
Fasting plasma glucose concentrations in the baseline samples of the initial FSIGT before the feeding challenge tended to be greater (P = 0.06) in the OB offspring compared with the control offspring (83.3 ± 1.4 vs. 79.0 ± 1.6 mg/dL, respectively). Fasting insulin in baseline samples of the initial FSIGT was similar between OB and control offspring (12.1 ± 1.4 vs. 9.7 ± 1.6 μIU/mL respectively; P = 0.27). Fasting plasma glucose and insulin in the baseline samples during the second FSIGT at the end of the feeding challenge were greater (P < 0.05) in the OB offspring compared with the control offspring (84.0 ± 1.4 vs. 79.5 ± 1.5 mg/dL and 30.1 ± 2.1 vs. 23.4 ± 2.2 μIU/mL, respectively). Plasma concentrations of leptin were similar at the beginning of the feeding challenge and were increased (Figure 2 ; P < 0.025) at wk 7 and 12 of the feeding challenge in offspring from OB ewes compared with offspring from control ewes.
DISCUSSION
To our knowledge, this is the first report describing the effect of maternal obesity and increased nutrient intake beginning before conception and continuing throughout gestation on offspring growth, feed intake, composition of BW gain, glucose and insulin homeostasis, and plasma leptin in sheep. There was no measur-able effect of maternal nutrition on offspring growth from birth to 19 mo of age when lambs were reared in a normal production environment. This is in spite of reported differences in milk composition in OB ewes compared with control ewes (Long et al., 2009) , and potential differences in milk and creep feed consumption. At 19 mo of age, there were slight differences in insulin and glucose dynamics before the feeding challenge began, with the OB offspring having a decreased ability of glucose to stimulate its disposal into body tissues and a decreased ability of insulin to dispose of glucose. After subjecting offspring to a feeding challenge, these differences were exacerbated to include an increase in insulin resistance and a decrease in first-phase insulin secreted by the pancreas along with increased feed intake and BW gain associated with increased plasma leptin and decreased plasma glucose during the feeding challenge.
The alterations in glucose and insulin homeostasis observed in the FSIGT at the beginning and end of the feeding challenge have been noted in multiple animal models of maternal nutrient restriction and overnutrition and in human epidemiology studies involving maternal obesity. The fact that OB offspring are insulin resistant is supported by increased fasted glucose before and after the feeding challenge and increased fasted plasma insulin after the feeding challenge in OB off- Table 2 . Dual-energy x-ray absorptiometry (DEXA) scans of 19-mo-old (initial DEXA) and 22-mo-old (final DEXA) lambs born from ewes fed either 100% of NRC (1985) One obese lamb died of natural causes unrelated to the experimental procedures and was not available for final measurements. Table 3 . Minimal model of glucose and insulin dynamics after the frequently sampled intravenous glucose tolerance test (FSIGT) before and after the feeding challenge in 19-and 22-mo-old lambs born to ewes fed either 100% of NRC (1985) 1 SI represents the acceleration of glucose clearance by insulin, AIRg is the initial insulin (area under the curve) available to act on glucose clearance (via SI), Sg is the rate of glucose clearance at basal insulin, and DI is an index of the overall potential for insulin action as determined by AIRg and tissue response (SI; AIRg × SI). Variables were calculated using MinMod Millenium software (MinMod Inc., Los Angeles, CA) according to the equations of Bergman et al. (1981) and Boston et al. (2003) .
2 One obese lamb died of natural causes unrelated to the experimental procedures and was not available for final measurements.
spring. Insulin resistance, for example, has been reported in both male and female offspring of obese rodents (Samuelsson et al., 2008; Nivoit et al., 2009) . Newborn babies of obese pregnant women (BMI >30 kg/m 2 ) that did not have gestational diabetes had increased insulin resistance at birth compared with newborn babies from mothers that had a normal BMI (BMI <25 kg/m 2 ; Catalano et al., 2009) . Further, as noted previously, when children of obese mothers enter their early twenties (the same approximate physiological age as offspring in this study), they exhibit greater insulin resistance than children born to mothers who were not obese during gestation (Mingrone et al., 2008) .
From 19 to 22 mo of age, OB offspring consumed more feed, tended to gain more BW, and had more of this BW gain as adipose tissue compared with control offspring. In addition, there was a tendency for offspring from OB mothers to have less lean tissue than control offspring. Physical activity appears to have had no influence on differences in OB offspring compared with control offspring because the amount of physical activity was found to be similar between treatment groups. Increased feed intake of offspring and altered adiposity have been noted in other models of prenatal programming. For example, prenatal overfeeding in the rat, mouse, and sheep leads to altered appetite regulation in the postnatal offspring (Muhlhausler et al., 2006; Samuelsson et al., 2008; Nivoit et al., 2009 ). Progeny of overfed sows from d 0 to 50 of gestation have a greater content of adipose tissue at birth and at slaughter compared with offspring of underfed sows (Bee, 2004) . In rodents, maternal obesity at conception or throughout gestation leads to increased BW and adiposity in offspring compared with offspring from mothers of normal BW (Caluwaerts et al., 2007; Samuelsson et al., 2008; Nivoit et al., 2009) . It is of interest that a reduction in maternal nutrition can produce a phenotype with several similarities to that of maternal overnutrition. Male offspring of ewes fed to 50% of nutritional requirements from d 28 to 78 of gestation were heavier at 4 and 9 mo of age and ate more than male offspring whose mothers were fed to meet requirements (Ford et al., 2007) . Reduced nutrient intake at various time points before mating and during gestation can result in offspring with increased adipose depot weights either at term or later in life (Edwards et al., 2005; Gardner et al., 2005; Ford et al., 2007) . As observed in this study, G:F, a measure of metabolic efficiency, was similar between OB and control offspring. In humans, differences have not been found in metabolic rate between obese and lean individuals (Consolazio et al., 1963; Ravussin and Bogardus, 1989) . From these data, we conclude that greater appetite, and therefore increased intake of feed, is more likely to lead to obesity, not differences in metabolic rate.
Leptin has a central role in appetite regulation in the rodent and is thought to have a similar role in other species (Taylor and Poston, 2007) . We observed increased leptin concentrations in OB offspring compared with control offspring during the feeding challenge. Increased leptin concentrations in offspring from obese mothers have also been found in rodent models (1985) recommendations. Values are means ± SEM. An asterisk (*) indicates significant treatment differences (P < 0.05), and a pound sign (#) indicates a tendency for treatment differences (P < 0.1) compared with control ewes. of maternal obesity (Samuelsson et al., 2008; Shankar et al., 2008; Nivoit et al., 2009 ). However, in ruminants, there is some discussion regarding whether plasma leptin concentrations increase because of increased feed intake or amount of adiposity (Ciccioli et al., 2003) . Because the current study included both increased feed intake and adiposity, we could not distinguish between these 2 factors as a cause of the increased leptin observed in offspring from OB ewes. This limitation is present in all such studies, given that it is necessary to increase feed intake to produce increased adiposity. However, this is not a major deficiency when extrapolating to humans because the same limitation applies. Whatever the cause, OB offspring had increased plasma leptin and continued to have greater feed intakes, indicating that leptin resistance is a result of maternal obesity. Leptin resistance is one mechanism that can lead to obesity and is a key event in the onset of negatively altered energy homeostasis (Schwartz et al., 2000; Münzberg and Myers, 2005) . Leptin resistance has multiple causes, which can include altered signaling in leptin target neural circuitry (Morris and Rui, 2009) , altered transport of leptin into the brain (Caro et al., 1996; Schwartz et al., 1996; El-Haschimi et al., 2000) , and even inflammation in the hypothalamus (Zhang et al., 2008; Posey et al., 2009) .
In conclusion, these data clearly indicate that dietinduced maternal obesity established before pregnancy in the ewe leads to alterations in fetal metabolism that persist in postnatal life. More specifically, as the OB offspring approached physical maturity, alterations in appetite, as well as in glucose and insulin regulation, became noticeable and were exacerbated by an ad libitum feeding challenge. Further studies are needed to determine exactly when these physiological alterations occur and how they change as offspring age, and how postnatal nutrition can either exacerbate these phenotypic changes or inhibit them from emerging. (1985) recommendations (■; n = 8) and obese ewes fed 150% of NRC (1985) recommendations (□; n = 10). Values are means ± SEM. Double asterisks (**) indicate mean differences (P < 0.025) at a specific time point between control and obese offspring.
